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by  far- field  we  mean  at  distances  large  compared  to  L /A  where  L is  the  aperture  dimen- 
sion and  X is  the  wavelength. 


CROSS  SECTION  OF  THE  BEAMRATTERN  OF  A CONTINUOUS 
LINE  ANTENNA  WITH  A UNIFORM  APERTURE  DISTRIBUTION. 
NOTE  THAT  THE  BEAMPATTERN  IS  ROTATIONALLY  SYMMETRIC 
ABOUT  THE  ANTENNA. 
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FIGURE  3-2  FOURIER  TRANSFORMS 


RECIPROCAL  RELATIONSHIP  BETWEEN  APERTURE  LENGTH  AND 
BEAMWIDTH  WHERE  L IS  THE  APERTURE  LENGTH  AND  M IS  A 
CONSTANT 


FIGURE  3-3 


Line  Source  Directivity 


ote  that  if  is  measured  from  broadside,  the  term  cos  will  appear  in  the  integrand  as 
hown . If  is  measured  from  the  line  of  the  array,  a sin  will  appear. 


If  the  beampattern  b(0,4>)  has  rotational  symmetry  and  is  non-directional  in  the 
plane  in  which  4>  is  measured,  as  in  the  case  with  a line  source  (See  Fig.  3-1), 
then  this  expression  further  simplifies  to 
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At  broadside  the  line  source  produces  directivity  in  only  one  plane  whereas  at  end- 
fire  it  produces  directivity  in  two  planes.  ihe  directivity  D can  be  calculated 


from  the  definition  in  Section  3.2.1  which,  for  long  line  sources  (i. 


Triangular  Amplitude  Distribution 


Amplitude  Distributions  of  the  cos  p/2  Type 


Uniform  Line  Source 


The  nulls  in  the  pattern  occur  for  u=  (L/ >.)  sin0=n , where 


SOURCE  BEAMWIDTH  VERSUS  SCAN  ANGLE  (THE  GRAPHS 
WHEN  THE  3db  DOWN  POINT  REACHES  ENDFIRE). 


A modification  to  the  foregoing  cosine  aperture  distributions  involves  adding  a 
constant  value  to  them  so  that  the  illuminations  at  the  line  source  ends  are  not 
zero.  These  so-called  cosine-on-pedestal  distributions  have  both  practical  and 
economic  origins  since  it  is  quite  difficult  to  illuminate  an  antenna  with  a taper 
that  falls  to  zero  at  the  ends. 


Co snp/ 2 DISTRIBUTION 


n 

Sidelobc 
Level  (dB) 

Beamwidth, BW, 
(Rad)  3 

f - D 

n 

0 

0 

13.2 

0. 88A/L 

1 . 00 

1 

23 

1.2A/L 

0.  81 

1 

52 

1.4SA/L 

0 .67 

3 

40 

1 .66A/L 

0.58 

TABI.i:  3-1  fa) 


VALUliS  TOR  COSINIi  -ON -PEDESTAL  PATTERNS 


Aperture  Edge  Taper 
(dB) 

Side  lobe  Level 
(dB) 

Beamwidth,  B(V„ 
(Rad) 

G = 

10 

20 

1 . 0 6 A / L 

0.90 

15 

i •> 

1 . 13A/I. 

0 . 84 

00  (cosine  alone) 

2 3 

L .20A/1. 

0.81 

TABI.i;  3-1  (hi 


Other  distributions  or  shading  functions  such  as  Dolph-Chebyshev  Taylor  etc.,  are 
also  important.  These  shall  be  treated  in  greater  detail  in  Section  4.0  where 
they  are  best  applied  to  discrete  line  arrays. 
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BEAM  PATTERNS  FOR  THREE  ll-ELEMENT  X/2 
SPACED  ARRAYS 

sin(  U.7rsin0)  2 

(a)  THE  UNIFORM  ARRAY | 1 

llsin^sin©) 


, r sm(37rsm0)  l4 

(b) THE  GABLED  ARRAY  [ J 

6sin(2Sin0) 

(c) THE  BINOMIAL  ARRAY  [cos(-|-  sin0)]'° 


FIGURE  4-6 


which,  for  a six-element  array,  indicates  relative  element  amplitudes  proportional 
to  1,5,10,10,5,1.  The  important  characteris i tcs  of  a binomial  array  is  that  it  has 
no  sidelobes.  It  is  not  used  very  much  in  practice,  however,  because  of  its  relative- 
ly wide  beamwidth  and  the  large  individual  element  amplitudes  required  across  the 
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the  response  of  an  element  in  the  array.  It  should  be  apparent,  therefore,  that  the  polynomial 
is  just  another  way  of  expressing  the  (voltage)  response  or  field  strength  of  the  whole  array. 
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By  the  fundamental  theorem  of  algebra  a polynomial  f(z)  of  degree  (N 
zeros  and  can  be  factored  into  a multiple  product  of  (N-l)  binomials 


Uhen  n m~ , it  can  be  shown  that  the  beampattern  b(0)  has  an  absolute  maximum  or 
major  lobe  for  every  e satisfying 


Note  that  for  d">,  no  second  major  lobe  can  form  when  the  main  beam  is  at  broadside. 


If  the  position  of  the  main  beam  is  to  remain  arbitrary  and  it  is  desired  to 
prevent  the  appearance  of  a second  major  lobe,  then  tne  element  spacing  d must 
be  chosen  so  that 
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TAB  Li:  4-2 

Minimum  Response  or  uQ/ it  Values  Corresponding  to  the  Half-power 
(10  log  b (uq) =- 3dB) Point  in  the  Beampattern  Versus  N,the  Number  of  Clements 

N u o / M N u o , M 

/IT  / 7T 


8 

0.556E-01 

8.98 

45 

0.983E-02 

50.86 

9 

0 . 494E-01 

10  .12 

46 

0 .961E-02 

51.99 

10 

0. 444E-01 

11.26 

47 

0 .941E-02 

53.12 

11 

0 . 403E-01 

12.39 

48 

0 .921E-02 

54.25 

12 

0 . 369E-01 

13.53 

49 

0 . 902E-02 

55.38 

13 

0 . 341E-01 

14.66 

50 

0 . 884E-02 

56 .51 

14 

0.316E-01 

15  . 79 

51 

0 .867E-02 

5 7.65 

15 

0 . 295E-01 

16.93 

52 

0 . 850E-02 

58.78 

16 

0 . 276E-01 

18.06 

53 

0 .834E-02 

59.91 

17 

0 .260E-01 

19.19 

54 

0 . 819E-0  2 

61.04 

18 

0 . 246E-01 

20.32 

55 

0 . 804E-02 

62.17 

19 

0. 233E-01 

21.46 

56 

0 .789E-02 

63 . 30 

20 

0 . 221E-01 

22.59 

57 

0 . 775E-02 

64 . 43 

21 

0 . 210E-01 

23.72 

58 

0 . 762E-02 

6 5.56 

22 

0 . 201E-01 

24.85 

59 

0. 749E-02 

66.69 

23 

0 . 192E-01 

25.9  8 

60 

0 . 737E-02 

67.82 

24 

0 . 1 84E-01 

27.11 

61 

0 . 725E-02 

68.95 

2 5 

0 . 177E-01 

28.24 

62 

0 . 713E-02 

70.08 

26 

0 . 170E-01 

29. 38 

63 

0.  702E-02 

71  .21 

27 

0 . 163E-01 

30.51 

64 

0 .691E-02 

72.35 

28 

0. 158E-01 

31.64 

6 5 

0.680E-02 

73.48 

29 

0.152E-01 

32.77 

66 

0 .670E-02 

74.61 

30 

0. 147E-01 

33.90 

67 

0 .660E-02 

75.74 

31 

0 . 142E-01 

35.03 

68 

0.650E-02 

76 . 87 

32 

0.138E-01 

31.66 

69 

0 .641E-02 

78.00 

33 

0 . 134E-01 

37.29 

70 

0 . 631E-02 

79.13 

34 

0 . 1 30E-01 

38.43 

71 

0 .622E-02 

80.26 

35 

0 . 126E-01 

39 .55 

72 

0 .614E-02 

81  . 39 

36 

0. 122E- 01 

40.68 

73 

0 . 605E-0  2 

82.52 

37 

0 . 119E-01 

41.81 

74 

0 .59  7E-02 

83.65 

38 

0.116E-01 

42.94 

75 

0 . 589E-02 

54.78 

39 

0. 113E-01 

4 4.08 

76 

0 . 5 81E - 0 2 

85.91 

40 

0 . 110E-01 

45.21 

77 

0 . S74E-02 

8 7.04 

41 

0. 107E-01 

46 . 34 

78 

0 . 567E-02 

88.17 

42 

0. 105E-01 

47.47 

79 

0 . 5S9E-02 

89.31 

43 

0.102E-01 

48.60 

80 

0 . 552E-02 

90.43 

44 

0. 100E-01 

49.73 

A1 1 

entries  correspond  to 

d/A=  1 

but  can  lie  adjusted  for  any 

d/A  vali 

by 

dividing  the  entry  by 

d/A  . A 

comparison  of 

N versus  M, 

the  numb 

of 

of f -broadside  beams  in 

one  quadrant  is  also 

prov ided. 
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Shading  of  Arrays 
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is  demonstrated  in  Figure  4-14  where  the  beampatterns  of  a six-element  array,  shaded 
in  different  ways,  are  shown.  For  comparison  purposes,  the  beampattern  of  the  un- 
shaded array  whose  shading  or  element  response  formula  is  (1 ,1  , 1 ,1 , 1 ,1)  is  also 
shown.  It  is  apparent  that  the  effect  of  tapering  from  the  array  center  outward 
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SYMBOL  SHADING  FORMULA  NAME 

1, 1,1,1, 1, 1 UNSHADED 


uniquely  defines  polynomials  of  the  n degree  which  are  known  as  Chebyshev  poly- 
nomials; T = 1,  Tj  = z,  = (2 z “ - 1) , T3  = (4z3-3z),  . . . Tn ( z ) . All  Chebyshev. 
polynomials  have  the  following  important  properties: 


The  response  of  an  array  or  the  array  polynomial  may  be  expressed  in  terms  of  Cheby- 
shev polynomials. 


the-  Dolph -Chebyshev  method,  the  response  or  polynomial  of  an  N-element  array 
i-  set  equal  to  the  Chebyshev  polynomial  of  like  degree  (i.e.  N-l)  so  that  the 
array  coefficients  (coefficients  of  z)  can  be  equated  to  the  corresponding  coeffi- 
cients of  the  Chebyshev  polynomial.  In  this  way,  the  proper  amplitude  shading  of 
the  elements  can  be  obtained  in  order  to  produce  the  desired  far-field  amplitude 


of  unity  since  |T 


ture  distribution,  tor  a given  number  of  array  elements 
2 design  SLdelobe  (power)  level,  20  log  r. 


I 


V=  A cosu  + A cos3u  + A cos5u  + - • A ,cos(N_l)u 

3 (N/2) 

WHERE  u=(tt  d /A)  sin£ 


WHERE  u=  (,  d/X)sin0 

I 


SYMBOLS  FOR  EQUALLY  SPACED  LINE  ARRAYS  OF  POINT  ELEMENTS 
a)EVEN  NUMBER  OF  ELEMENTS  b)ODD  NUMBER  OF  ELEMENTS. 


FIGURE  4-16 


Since  z„  was  found  to  be  z =1.35,  then  A,  = 4.66,  A,  = 10.70  and  A,  = 15.60. 


lobe  levels  of  a Do lph -Chebyshev  shaded,  N=100  element  array  are  given  in  Table 
4-3  of  section  4.6.  1.5. 


Taylor  showed  that  it  is  possible  to  approximate  this  ideal  pattern  with  a physically 
realizable  aperture  distribution.  The  beam  pattern  produced  by  this  Taylor  distri- 
bution has  uniform  sidelobes  like  the  Dolph-Chebyshev  pattern  but  only  in  the  vicinity 
ot  the  main  beam.  Unlike  the  Dolph-Chebyshev  pattern,  however,  the  sidelobes  of  the 


and  2a,.  The  element  weighting  coefficient  a is  then  just  the  normalized 


TABLE  4-3  (a) 

Amplitude  Shading  Coefficients 


N=100 

S . L . L . = - 20  log  r = -35  dB 


DOLPH 

TAYLOR  (n 

1.00000 

1 .00000 

.99864 

. 9 9 8 0 7 

.99594 

. 99  59  8 

.99189 

. 99186 

.9  8651 

.98628 

.97981 

.97920 

.97183 

.97065 

.96259 

.96070 

.95211 

.94945 

.94043 

. 93  70  0 

.92760 

. 92346 

.91364 

. 90  88  6 

.89861 

. 89322 

. 88255 

.87652 

. 86552 

. 85874 

. 84  756 

. 83987 

. 82874 

. 81998 

. 80911 

. 799  1 7 

. 78874 

. 77759 

. 76  76  8 

. 75540 

. 7460 1 

.73276 

.72378 

. 709  75 

. 70106 

. 68639 

.67792 

. 6 6 2 6 5 

.65443 

. 6384 8 

. 6 306  5 

. 6 1 385 

. 60  66  5 

.58881 

. 5 8249 

. '.6  34  7 

. 55825 

. 5 580  5 

. 53398 

.51 2 "9 

TABLL 


DOLPH 

.50975 
.48562 
.46166 
.43791 
.41445 
.39131 
.56856 
.34623 
. 32439 
.30306 
.28230 
. 26211 
. 24258 
.22368 
.20549 
.18798 
.17124 
.15519 
.13998 
.62212 


h-3 (a) (Con ' t . ) 


TAYLOR  (n  = 10) 

.48793 
.46359 
.43979 
.41639 
.39316 
. 36984 
. 34629 
.32259 
.29907 
.27636 
.25529 
.23677 
.22159 
.21024 
.20280 
. 19890 
.19772 
. 19823 
. 19933 
20013 


-80- 


TABLE  4 -3(b) 

Amplitude  Shading  Coefficients 
N=  100 

S.L.L.  = -20  log  r = -40  dB 


no  l pi  i 


TAYLOR  (n 


1 .00000 
.99  84  2 
. 99  52  5 
. 990  5 3 
.98425 
.97645 
.96717 
.95642 
.9442b 
.93074 
. 91590 
. 899  80 
. 88250 
. 86  40  8 
. 844  59 
.82411 
. 80  2 72 
. 78049 
. 75  75  1 
. 73385 
. 7096  1 
.68486 
. 6 5969 
.63418 
.60843 
. 58250 
. 556  50 
. 5 30  1 8 


1 . 00000 
. 99  83  8 
.99513 
.99023 
.98368 
.97548 
.96568 
.95432 
.94148 
.92724 
.91168 
. 8948  7 
. 87685 
. 85767 
.83737 
. 81600 
. 79  36  5 
. 77040 
. 74640 
. 72 1 76 
. 6 9 6 6 1 
. 6 7106 
.64517 
. ()  1 899 
. 59 2 5 5 
5 ( ( ) 2 

. 539  1 5 
.512  36 


= 10) 


-81 


TABLE  4-3(b)  (Cont'd.) 


DOLPH 

.50455 
. 47877 
. 45323 
. 4 279  7 
.40309 
. 37864 
. 35469 
.53129 
. 30849 
.28634 
.26490 
. 24418 
.22425 
.20510 
. 18680 
. 16933 
. 15275 
. 13702 
. 12220 
.10823 
.09520 
.33631 


TAYLOR  (n 

.48567 
. 45926 
.43327 
.40780 
. 38292 
. 35860 
.35479 
. 31142 
.28844 
.26590 
. 24393 
.22282 
.20292 
.18467 
. 16845 
.15457 
.14319 
.13431 
.12776 
.12325 
.12047 
. 11916 


It 


= 10) 
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Note  that  if  9 were  measured  from  the  line  of  the  array,  the  see©  term  would  be  a cscG 


DOLPH  TAYLOR  (n  =10) 


NORMALIZED  AMPLITUDE  COEFFICIENTS  FOR  AN  N = 50  ELEMENT  ARRAY  WITH 
0 PH-CHEBYSHEV  AND  TAYLOR  SHADING.  THE  SIDELOBE  LEVELS  ARE  SPECIFIED. 

FIGURE  4-|7(o) 


II 

1C 


CO  if) 


to  CVJ  _ 


o 

to 

in 

in 

o 

m 

m 

o 

in 

rO 

o 

to 

in 

CVJ 

o 

CVJ 


in 


CD 

T3 


UJ 

> 

UJ 

_/ 

UJ 

CD 

3 

UJ 

o 

co 


U)  dOlCVd  9NIN30V088  IM/38 


to 

$ 

cr 

cr 

< 

UJ 

z 

_i 

cr 

o 


UJ 

uj  £■ 


& 

3 

UJ 

9 

co 

co 

3 

CO 

cr 

UJ 

> 

o 


t'' 

oo 


w 

o£ 

3 

U 

i — i 

tu 


UJ 

Q 

1 

CD 

2 
< 
UJ 
CD 


For  long  arrays  (L/\>>1)  the  -3dB  beamwidth  B of  the  Taylor  approximate  (i.e., 
Taylor  shaded)  pattern  will,  in  terms  of  the  quantity  u,  be  broader  than  that  of 
the  ideal  pattern  by  the  factor  a,  where 
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Sections  4.6. 2.2  or  4. 6. 2. 4.  It  can  be  shown,  however,  in  the  case  of  long  Taylor  shaded 
arrays  that  the  approximation  f=aBQ/0.886  (see  Table  4-4),  where  Bq  is  in  radians,  is 
quite  accurate  (see  Figure  4-17(b)). 


than  unity.  For  example,  given  a design  sidelobe  level  of  25  dB , a Taylor  distri- 
bution with  n =5  gives  a beamwidth  only  about  1.1%  greater  than  the  optimum  pro- 
duced by  the  ideal  but  unattainable  Dolph-Chebyshev  distribution.  A value  of  n=8 
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factor  f versus  sidelobe  level  for  cos ine-on-pedcstal  shading  is  given  in  Figure 


a line  array  of  any  length  scanned  not  too  close  to  endfire,  the  beamwidth 
cosine-on-pedestal  pattern  can  be  determined  by  reading  it  from  Figure  4- 
then  multiplying  by  the  appropriate  f value  obtained  from  4-17(b). 
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Here,  f is  the  beam  broadening  factor  (Section  4. 6. 2. 3)  and  r is  the  main  beam 
to  sidelobe  voltage  or  amplitude  ratio. 
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Recall  that  we  are  discussing  only  linear  arrays  herein  where  the  spatial  pattern  is  in 
dependent  of  whether  the  array  is  radiating  into  or  receiving  from  space. 


DIRECTIVITY  (dB) 


As  the  array  length  is  increased,  the  maximum  directivity  is  approached  rather 
quickly  at  first,  but  any  additional  directivity  is  very  costly  in  terms  of  array 
length.  This  can  be  seen  from  Figure  4-18  which  is  a plot  of  the  expression  for 
D given  above  for  several  sidelobe  levels. 
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for  the  directivity  should  be  used  with  care  however,  since  no  explicit  dependance 
is  shown  on  the  broadening  factor  (Section  4. 6. 2. 3), 


Thus,  it  appears  as  though  the  directivity  D will  be  maximized  for  a fixed  array 
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Pattern  Synthesis 


involves  reconstructing  the  pattern  from  a finite  number  of  sampled  values.  The 
principle  is  analagous  to  one  used  in  information  theory  where  a time  waveform 
f(t)  of  limited  bandwidth  is  reconstructed  from  a finite  number  of  its  sampled 
values.  That  is,  the  function  f(t)  containing  no  frequencies  higher  than  B Hz 
can  be  reconstructed  from  its  values  at  a series  of  points  spaced  1/2B  seconds 
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number  of  required  samples. 


(a)DESIRED  PATTERN,  F (9) 


The  number  N,  above,  is  an  integer  determined  from  the  condition  -tt/2<0<tt/2  or 
-l<sin9<l.  From  Figure  4-19  we  see  that  | NX / L | < 1 or,  that  N<L/X.  Therefore, 
the  total  number  of  samples  (2N+1)  required  to  approximate  the  far-field  ampli- 
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amplitude  of  the  minor  lobes  resulting  from  maximum  directivity  excitation  are  some- 
what larger  than  those  resulting  from  uniform  excitation  although  the  major  lobe  width 
can  be  considerably  narrower  than  that  due  to  uniform  excitation  (See  Fig.  4-22). 
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FAR-FIELD  AMPLITUDE  PATTERN  AND  RELATIVE  EXCITATION  AMPLITUDES 
FOR  AN  N*5  ELEMENT  ARRAY  WITH  MAXIMUM  DIRECTIVITY  EXCITATION. 
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FIGURE  4-23 


As  we  saw  above,  this  narrower  major  lobe  is  obtained  as  d/A->-o  only  by  requiring 
large  out-of-phase  excitations.  Patterns  of  this  type  are  called  "Superdirective" 
and  will  be  discussed  in  the  following  section.  A typical  example  of  the  patterns 
and  corresponding  excitations  required  for  maximum  directivity  are  given  in  Figure 
4-23  for  a 5-element  array  with  d/A=0.80,  0.25,  and  0.125,  respectively.  Note  that 
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Until  now,  with  the  exception  of  the  previous  section,  our  discussions  have  con 
centrated  on  aperture  distributions  with  uniform  phase  designs  where  the  phase 
is  such  that  the  radiation  from  each  element  propagates  in  phase  in  the  steered 
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element  excitation  coefficients  are  allowed  to  become  negative  and  large  in  magnitude, 
the  width  of  the  major  lobe  of  the  resulting  pattern  may  be  appreciably  less  than 


which  can  be  approximated  very  well  by 
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In  fact,  the  expression  can  be  rounded  off  and  it  can  be  said  that  the  product  of 
the  broadside  beamwidth  (in  degrees)  and  directivity  for  a line  array  is  about  om 
hundred. 


This  subject  is  also  treated  in  the  literature  under  the  heading  of  " Aperiodic  Arrays" 
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In  addition  to  deterministic  methods  for  finding  the  spacing  rules,  a statistical 
approach  has  been  tried  with  arrays  having  a large  number  of  elements.  According 
to  this  method,  the  elements  are  placed  at  random  over  an  aperture  according  to  a 
given  distribution  function. 
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ENVELOPE  OF  THE  BEAM  PATTERN  OF  A GEOMETRICALLY  TAPERED  ARRAY 


pectrum  (spatial  frequency  as  varia 


Exact  solutions  are  available  only  for  simple  cases 
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Advantages  of  Spatial  Taper 
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Recall  that  the  beampattern  b(f),f)  is  the  square  of  the  far-field  amplitude  pattern 
normal  iced  to  unitv  in  the  broadside  direction. 
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The  general  effect  of  scanning  a pencil  beam  is  demonstrated  in  figure  4-_9 
position  P,  or  b roads i do -b roads i de , the  beam  cross-section  is  approximately 
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FIGURE  4-28 
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BEAM  SHAPE  VERSUS  SCAN  ANGLE  FOR  A 
PENCIL  BEAM. 


FIGURE  4-29 


r 


X 

4 

G 

O 

•H 

i 

SO 

0 

O 

X 

CO 

X 

0 

0 

3 

4 

to 

Q 

to 

O 

03 

4 

x 

E 

G 

o 

4 

fH 

X 

0 

4 

4 

0 

•H 

4 

3 

•rH 

X 

3 

o3 

0 

4 

4 

O 

g 

X 

4-1 

> 

6 

CO 

4 

CO 

G 

a 

03 

CX 

4 

0 

4 

O 

•H 

tH 

4 

•H 

o 

fH 

CO 

• H 

G 

•H 

X 

0 

E 

4 

3 

O 

X 

o 

03 

G 

• H 

E 

X 

o 

5 

0 

X 

0 

4 

X 

CJ 

X 

<4 

03 

v — > 

•H 

4 

p 

•H 

E 

O 

4 

0 

4 

E 

r* 

03 

X 

0 

• H 

4 

3 

CO 

CO 

o 

4 

•H 

4 

3 

03 

4 

0 

bO 

(J 

4 

• 

> 

3 

0 

•rH 

G 

> 

•H 

E 

0 

#. 

0 

co 

o3 

• H 

0 

r< 

• H 

»H 

X 

H 

O 

to 

•H 

03 

•H 

G 

0 

> 

G 

X 

03 

\ 

4 

0 

4 

•H 

■4 

N 

•H 

r-H 

o 

0 

rH 

2 

X 

CJ 

4 

3 

4 

Z 

G 

CJ 

0 

03 

£ 

CX 

0 

CX 

fH 

O 

0 

0 

3 

3 

0 

X 

4 

E 

4 

X 

•H 

r — ", 

4 

03 

4 

0 

4 

• 

X 

O 

4 

4 

0 

0 

03 

O 

0 

£ 

Cs) 

0 

• tH 

X 

3 

03 

•H 

X 

CJ 

•H 

X 

4 

X 

S 

• 

03 

4 

03 

4 

0 

4 

z 

cj 

03 

A 

4 

0 

0 

0 

CO 

K) 

0 

O 

0 

4 

4-J 

3 

/■ 

03 

X 

G 

• 

CO 

G 

03 

r 

X 

3 

CO 

P 

0 

0 

<4 

4 

• 

4 

O 

X 

3 

0 

G 

4 

4 

3 

•H 

c 

4 

x 

4 

O 

to 

O 

G 

•H 

• 

03 

o3 

rH 

IT 

03 

0) 

O 

4 

•H 

4 

UO 

O 

4 

4 

H- 

0 

3 

0 

CO 

3 

4 

4 

4 

rH 

• H 

03 

3 

X 

0 

CO 

.to 

4 

> 

P 

■u 

O 

03 

G 

3 

4 

X 

G 

X 

0 

0 

co 

0 

•H 

3 

4 

G 

0 

to 

• 

03 

CO 

•H 

O 

G 

4 

X 

4 

X 

G 

X 

4 

4 

0 

03 

0 

CO 

4 

0 

4 

•H 

03 

4 

£ 

3 

CO 

CO 

X 

G 

4 

X 

• H 

X 

4 

4 

CJ 

4 

03 

3 

•H 

X 

G 

O 

4 

4 

0 

03 

<J 

O 

CO 

CJ 

O 

•H 

CO 

03 

X 

O 

CD 

03 

3 

CX 

0 

4 

X 

rH 

•H 

0 

00 

£ 

CO 

G 

3 

0 

'J 

CO 

4 

0 

X 

4 

0 

0 

03 

CO 

rH 

0 

E 

< 

O 

4 

X 

O 

4 

4 

03 

4 

o3 

03 

V ' 

1 

CJ 

3 

•H 

u 

0 

u 

G 

CX 

G 

0 

•H 

> 

d- 

03 

0 

4 

G 

X 

O 

0 

•H 

<4 

4 

03 

CO 

0 

00 

rH 

X 

• 

• H 

03 

4 

CD 

cj 

u 

o 

03 

3 

X 

rH 

0 

CX 

0 

X 

G 

X 

X 

G 

4 

03 

CO 

1 

4 

3 

4 

•H 

G 

3 

4-1 

H 

* 

0 

4 

X 

03 

•H 

0 

X 

d" 

3 

G 

0 

3 

4 

3 

O 

<0 

V — / 

0 

G 

f4 

r-H 

4 

X 

DO 

•H 

4 

4 

4 

X 

CO 

3 

> 

03 

CX 

CX 

0 

0 

0 

•H 

3 

4 

CO 

4 

C 

X 

• 

X 

0 

0 

B 

E 

X 

4 

4 

03 

0 

•H 

o 

4 

/ — \ 

H 

rH 

£ 

o 

03 

O 

u 

3 

CO 

0 

CX 

03 

4 

•rH 

•tH 

X 

DO 

O 

a 

4 

tH 

1 

DO 

G 

CO 

X 

3 

0 

4 

> 

03 

G 

X 

E 

X 

•H 

•H 

•H 

4 

0 

X 

— • 

•H 

— / 

• 

o3 

4 

0 

4 

0 

CX 

4 

CJ 

4 

4 

H 

X 

4 

G 

* 

O 

*4 

O 

> 

tH 

CO 

to 

X 

3 

3 

3 

• rH 

U 

X 

3 

G 

to 

4 

X 

4 

•H 

o 

G 

0 

X 

4 

G 

4 

4 

4 

0 

03 

CJ 

03 

•rH 

03 

•H 

DO 

Q 

•H 

> 

o3 

O 

3 

CO 

4 

4 

4. 

CO 

U 

G 

U 

G 

4 

X 

X 

o 

0 

03 

CO 

•H 

DO 

to 

4 

O 

•H 

3 

G 

G 

3 

0 

CX 

o 

CX 

0 

• H 

o3 

G 

X 

HH 

•H 

rH 

•H 

• 

2 

CJ 

X 

* 

d- 

3 

4 

03 

• H 

4 

4 

CO 

CX 

E 

03 

X 

O 

4 

CO 

0 

•» 

3 

0 

<J 

• H 

O 

CO 

CX 

O 

bO 

4 

X 

0 

X 

X 

rvi 

?— f 

3 

0 

d 

* 

• 

0 

03 

4 

03 

•H 

co 

X 

4 

3 

4 

ro 

3 

er 

03 

! 4 

CX 

4 

O 

4 

4 

> 

4 

O 

4 

CJ 

CO 

3 

CO 

0 

G 

CD 

CX 

0 

rH 

•H 

CO 

4 

4 

4 

ll 

•H 

4 

to 

4 

0 

X 

4 

4 

rH 

4 

a3 

3 

O 

4 

CO 

• rH 

•H 

4 

3 

03 

G 

0 

03 

rH 

•H 

CJ 

• 

K 

Q 

0 

0 

r-H 

G 

4 

G 

O 

• 

3 

0 

4 

(0 

\ 

0 

3 

3 

0 

CX 

(1) 

4 

0 

O 

0 

CO 

CO 

4 

•H 

X 

X 

G 

0 

4 

4 

E 

X s 

0 

CX 

(0 

-©- 

X 

X 

0 

CO 

•fH 

E 

o3 

X 

•H 

4 

CX 

DO 

3 

Q 

0 

cx 

0 

03 

4 

03 

4 

c 

03 

• rH 

4 

fH 

3 

0 

V / 

H 

03 

03 

G 

* 

4 

O 

rH 

4 

4 

4 

03 

E 

X 

<D 

G 

0 

B 

4 

4 

G 

•H 

0 

03 

O 

4 

4 

0 

CO 

4 

Q 

4 

T3 

•H 

CX 

03 

O 

03 

•H 

4 

E 

X 

CJ 

O 

X 

o 

C 

O 

0) 

0 

0 

0 

03 

3 

O 

4 

4 

r< 

3 

4 

E 

•rH 

4 

- 

4 

4 

to 

03 

X 

B 

0 

bd 

X 

(0 

• H 

03 

\ 

03 

0 

• H 

G 

G 

U 

•rH 

4 

G 

o3 

•H 

> 

G 

X 

O 

CO 

G 

4 

03 

G 

O 

• rH 

0 

X 

0 

O 

•4 

4 

4 

• H 

o3 

X 

4 

3 

O 

O 

0 

3 

i -H 

•r^ 

X 

3 

x 

4 

f4 

rH 

4 

O 

4 

fH 

CX 

CJ 

4 

co 

i CO 

X 

o 

(J 

4 

4 

rH 

CO 

0 

CX 

DO 

X 

CO 

4 

f-  V) 

4 

4 

•H 

4 

0 

4 

•H 

•H 

/ N 

0 

G 

X 

0 

rH 

G 

0 

O 

f 0 

•H 

CX 

X 

03 

4 

X 

O 

S 

03 

X 

4 

o 

•H 

4 

X 

4 

0 

4 

4 

4 

* 

o 

4 

u 

•H 

4 

CO 

03 

4 

3 

4 

CX 

CX 

G 

4 

X 

X 

fH 

3 

o3 

3 

•H 

0 

4 

X 

0 

X 

X 

• 4 

X 

03 

0 

4 

4 

4 

o3 

E 

0 

5 

O 

G 

• H 

0 

4 

0 

ca 

o3 

G 

4 

O 

•H 

•H 

4 

4 

rH 

X 

E 

4 

•H 

4 

3 

P 

0 

4 

3 

03 

> 

> 

co 

X 

O 

X 

X 

03 

rH 

•5 

4 

(/) 

p 

to 

4 

f-H 

G 

0 

•H 

•H 

0 

4 

03 

0 

4 

o 

3 

• H 

cfl 

03 

03 

CX 

•H 

CO 

4 

4 

03 

0 

G 

CJ 

X 

OQ 

3 

03 

0 

c 

CJ 

X 

0 

03 

3 

CJ 

CJ 

0 

> 

•H 

•H 

Q 

i 

rH 

C 

X 

CJ 

4 

<D 

4 

0 

03 

4 

3 

0 

0 

CX 

o3 

rH 

G 

•H 

0 

CO 

3 

C 

CJ 

G 

O 

CJ 

4 

4 

i 

4 

DO 

CX 

03 

• H 

E 

CX 

G 

•H 

G 

• H 

0 

•H 

4 

O 

0 

• H 

•H 

G 

O 

CX 

G 

03 

•rH 

0 

3 

CO 

HH 

fH 

03 

fH 

O 

CJ 

CO 

03 

03 

O 

G 

03 

03 

o3 

LD 

CO 

03 

CJ 

CQ 

• H 

• 

*rr 

• 

r^j 


gain  limiting  occurs  (See  Fig.  4-18).  Tt  is  approximately  correct  for  cosine 
pedestal  distributions. 


In  the  foregoing  chapter  we  discussed  the  ideal  performance  that  can  be  expected 
from  an  array  of  hydrophone  elements.  In  the  current  chapter  we  shall  present 


Self  noise  is  a particular  kind  of  background  noise  that  occurs  in  sonars  or  in  in- 
dividual hydrophones,  as  well,  whenever  the  mounting  or  suspension  creates  noise  of 
its  own.  Although  self  noise  is  one  of  many  different  kinds  of  undesired  sound  in 
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the  cube  of  the  tow  speed  (i.e.,  the  sound  pressure  level  will  increase  by  about 
+9  dB  for  a doubling  of  the  tow  speed) . For  frequencies  greater  than  f , the  power 
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as  it  passes  when  the  hydrophone  size  is  comparable  to  that  of  the  cell. 


Other  methods  for  reducing  flow  noise  which  are  applicable  to  towed  arrays  include 
moving  the  hydrophones  further  away  from  the  turbulent  boundary  layer.  This  can  b 
accomplished  by  physically  recessing  them  further  into  the  array  wall. 
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Discrimination  Against  Flow  Noise 

The  crosscorrelation  coefficient  given  above  suggests  that  an  efficient  way  to  dis- 
criminate against  flow  noise  is  to  replace  single  hydrophones  by  groups  of  smaller  in- 
dependent hydrophones.*  That  is,  we  can  obtain  some  gain  against  flow  noise  by  replacing 
the  N hydrophones  in  an  array  by  N groups  of  M hydrophones,  each  phone  separated  by  adis- 
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ship’s  hull  which  are  subsequently  radiated  toward  the  towed  array.  L i kje  machinery 
noise,  the  hull  resonances  generally  show  up  as  peaked  narrow  band  noise  in  the  array 
output. 
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noise  reduction  by  itself.  Generally,  when  a steel  stress  member  is  used,  the 
total  sound  pressure  level  is  about  5 to  9 dB  lower  with  a fairing  than  without. 

In  Figure  5-5,  where  a polyester  member  is  used,  the  total  noise  reduction  is  even 
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area  under  consideration  was  in  excess  of  17,000’ 
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not  verv  well  documented  in  current  text 


Considering  is  loss  L(<)  due  to  multiple  elevation  arrivals,  it  is  important  f 
i practical  viewpoint  to  determine  whether  a specific  "gain"  can  he  obtained  and 


array  length  necessary  to  obtain  it.  In  the  present  case  gain  will  he  defined  as 
the  product  of  the  array's  directivity  ( = 2Ly  at  half-wavelength  spacing)  and  the 
loss  factor  L(y)  given  above  . Figure  S-13  is  a plot  of  this  gain  versus  array 
length  with  the  quantity 
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tation  for  the  same  elevation  structure  will  result  in  some  gain  degradation. 
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is  shown  for  another  case  in  Figure  5-14  where  the  desired  gain  of  17  dB  is  not 
quite  achieved  in  a multipath  environment  due  to  steering  beyond  the  allowable 
bmax  ‘ 
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RESPONSE  OF  A PlANAR  ARRAY  AS  A FUNCTION  OF  STEERING  FOR  A 
SOURCE  85°  OFF  BROADSIDE 


i'e  r to  rmance  With  Random  Errors 


mentioned  here  are  equivalent  to  errors  in  tne  element  amplitude 


-tatistical!  sidelobe  level  distribution  of  a beampattern  under  the  error  con- 
ditions giwn  in  the  previous  section  is  described  by  a modified  Rayleigh  distribu- 


Any  conclusions  drawn  here  will  also  be  approximately  correct  for  omnidirectional  elements 


SlDELOBE  SUPPRESSION. 


(?,<p)  errors  in  each  element's  orientation.  The  random  errors  in  the  outputs  of 
each  element,  as  discussed  in  Section  S.4.2,  are  also  included  in  this  consideration 
and  assumed  to  be  independent  of  the  translation  and  orientation  errors.  Moreover, 
the  translation  errors  and  the  orientation  errors  are  assumed  to  be  independent  of 
each  other  and  described  by  Gaussian  statistics.  An  analysis  of  these  errors  has 
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u rvc  (! : 2 1 e 1 cmcnt  s 


bv  D and  the  directivity  with  errors  is  denoted  bv  D,  then  the  reduction  in  the 

o ' 

broadside  directivity  due  to  these  errors  is  approximately 


the  angle  from  the  main  beam  axi 
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F I GURU  5-19 


Aside  from  this  general  analysis,  a specific  source  of  beam  pointing  error  arises 
from  the  variation  in  the  local  sound  propagation  speed  near  the  array.  Defining 
the  percent  sound  speed  error  a as 


M POINTING  ERROR -DEGREES 


..here  0 is  the  assumed  beam  pointing  direction  referenced  to  broadside.  This 
expression  for  50  can  also  be  represented  by  figure  5-20  merely  by  interchanging  the 
i values  therefor  p values.  finis,  in  figure  5-20,  the  beam  pointing  error  50  for 
an  x = O.lo  sound  speed  error  is  the  same  as  the  beam  pointing  error  for  a p=0.1$ 
bandwidth  error  at  any  beam  steering  angle.  Note  that  there  is  no  error  at  broad- 
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then  tin-  expectation  value  (i.e.  mean  value)  of  C“  can  he  used  as  a measure  ol 


MICROCOPY  RLSOLUIION  USI  CHAR! 
NATIONAL  HUM  All  O*  'ANOAKl  A 


Assume  that  the  phase  and  amplitude  a^  distributions  are  independent  of  each 
other  and  that  both  are  normally  distributed.  Moreover,  let  the  amplitudes  have 
the  mean  value,  a,  and  an  rms  (or  standard)  deviation,  A,  about  this  mean  and  let 
the  phases  have  a zero  mean  and  an  rms  deviation,  B (in  radians).  If  it  is  furth 
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to  be  a function  of  6 since  the  array  was  assumed  to  be  steered  in  the  direction 
of  peak  (signal)  response.  Only  the  response  of  the  array  in  this  direction  is 
necessary  to  calculate  the  signal  gain. 
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However,  contrary  to  the  signal  gain  case,  the  average  output  noise  power  will 
contain  components  from  all  possible  directions.  Thus,  the  noise  gain  must  be 
expressed  as  follows 
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generated  by  any  two  array  elements  as  a function 
coefficient  p,_  is  given  by 
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Examples  of  Array  Gain 


When  a perfectly  coherent  signal  is  in  a background  of  only  partly  coherent  noise, 
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For  the  ideal  condition  of  a unidirectional  signal  in  an  isotropic  noise  field,  array 
becomes  simply  the  directivity  index  of  the  a r r 3. y 
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areas,  however,  and  at  frequencies  of  interest,  the  ambient  noise  field  is  dominated 
by  components  which  arrive  at  shallow  vertical  angles.  Thus,  in  the  limiting  case, 
the  ambient  noise  field  at  these  sites  can  be  satisfactorily  treated  as  two-dimen- 
s ional . 
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In  Chapter  4.0  we  discussed  the  effect  of  amplitude  shading  of  array  elements  and 
how  this  widened  the  main  beam  (and  reduced  the  sidelobes) . Widening  the  main 
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figure  5-2b  was  obtained  for  a long  shaded  array  with  a specified  sidelobc  level  but  the 
results  are  approximately  valid  for  any  long  line  array. 
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a given  number  of  lost  hydrophones  depends  on  the  exact  location  of  these  phones 
along  the  array.  Thus,  different  configurations,  each  with  the  same  total  number 
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FIGURE  5-26  --11.  PERCENT  OF  LOST  HYDROPHONES 


Beam  Processing  and  Operator  Losses 
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Actually,  when  full  azimuthal  coverage  is  desired,  beam  crossovers  should  he  set 
well  above  -3  dB  at  design  frequency.  In  this  way,  scalloping  loss  can  generally 
be  kept  to  a minimum  (-1  dB)  over  most  bands  of  interest.  Even  with  such  imple- 
mentations as  frequency  independent  beamformers,  a sufficient  number  of  beams 
should  be  formed  at  design  frequency  to  assure  a crossover  level  well  above  - 3dB 
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TYPICAL  BEAM  SCALLOPING  LOSS  WITH  CONVENTIONAL  BEAMFORMING 


beamsteer  direction  (n=0  is  broadside) 
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If  the  phase  error  due  to  sampling  is  uniformly  distributed,  it  can  be  shown  that 

the  degradation  in  array  signal  gain  will  have  the  form  given  in  Figure  5-34  for 

-220  - 


the  sidelobe  level  inciease  above  its  shaded  level  but  a significant  number  of 
grating  lobes  will  also  be  introduced  into  the  beampattern . Since  sampling'at  this 
rate  (20  x fj)  is  generally  not  feasible  for  a long  array  other  approaches  such  as 
interpolating  between  fewer  samples  must  be  employed  with  time  domain  beamforning 
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LOSS  (dB) 


-B/2  B/2 

ZONAL  POWER  DENSITY  SPECTRUM 


loss=-iolog{-|-/  [ 1 df} 

(-  o Jq  *■  irN(d/c)fsin/9  J J 


N= NUMBER  OF  HYDROPHONE  GROUPS 
B =BANDWIDTH 

/3  = STEERING  ANGLE  (OFF  BROADSIDE) 

d=CENTER  TO  CENTER  SPACING  BETWEEN  ADJACENT  GROUPS 
C= SOUND  PROPAGATION  SPEED 
r = Nd/C 


BEAMFORMER  LOSS 
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l Brsin/3 


FIGURE  5-35 


spectrum  although,  for  current  transit  time  -bandwidth  products,  it  is  still  within 
an  order  of  magnitude  of  the  loss  in  the  zonal  case. 
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Section  5. 9. 2.1.  Referring  to  Figure  5-36,  the  frequency  bin  scalloping  loss  is 
equivalent  to  the  shaded  area  given  there  and  can  be  described  by 
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transmit  encoded,  multiplexed  and/or  modulated  data  along  a common  carrier.  Some 
of  the  more  frequently  used  techniques  are  given  in  the  several  tables  that  follow 
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U.e.  for  very  steep  increases  in  the  analog  input  voltage)  than  delta  modulation 
but  at  the  cost  of  more  complex  circuitry.  Companded  encoding  techniques,  oh  the 
other  hand,  generally  provide  better  signal-to -distortion  ratios  than  uniform  en- 
coding schemes. 
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a sinusoidal  carrier  in  order  to  accomplish  frequency  translation.  Two  kind 
AM  are  double  sideband  (DSB-AM) , where  the  frequency  spectrum  is  symmetrically 
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distributed  about  the  carrier  frequency  and  single  sideband  (SSB-AM) , where  only 
that  part  of  the  spectrum  above  the  carrier  is  retained.  Other  methods  for  modulating 
an  analog  signal  are  frequency  modulation  (FM)  and  phase  modulation  (PM).  No 
modulation  is  necessary  if  each  hydrophone  group  is  provided  with  a pair  of  wires. 
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quantitative  comparison  of  these  techniques.  Hardwire  or  tw.sted  pair  telemetry  is 
included  in  these  tables  but  is  generally  not  a serious  consideration  when  one  observes 


SPECTRAL  REPRESENTATION 

WAVEFORM  (amplitude  only) 
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SINE-WAVE  FREQUENCY 
MODULATION 


the  number  of  elements  in  modern  sonar  arrays  and  the  constraint  of  the  tow  cable 
diameter.  Single-sideband  amplitude  modulation  (SSB-AM) , which  has  been  used  for 
many  years  with  FDM  in  commercial  telephone  systems,  is  also  seldom  considered  very 
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Wideband  Signal  Loss,  224-226 

Maximum  Directivity,  102-108 
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Multipath  Environment,  157-168 

Example,  162-163 

General  Problem,  157 

Performance  of  a Line  Array,  158-161 

Planar  Array  Performance,  164-168 

Noise  (See  Electrical  Noise,  Flow  Noise,  Radiated  Noise,  Self-Noise) 

Nonuniformly  Spaced  Arrays,  114-122 

Advantages  of  Spatial  Taper,  122 
Analysis  and  Design  Methods,  120-121 
Examples,  116-117 
Important  Properties,  118-120 

Nulls,  34-35;  48-50 

Pattern  Synthesis,  97-101 

Sintfu/Tru  (or  Woodward-Lawson)  Method, -97 
Other  Methods,  101 

Performance  as  a Function  of  Depth,  149-156 
Performance  With  Random  Error:  169-180 

Performance  in  Directional  No^v  . ields,  203-208 

% 

Two-Dimensional  Isotropy,  204-205 
No  Isotropy,  205-207 

Planar  Arrays,  123-130 

Beamwidth  and  Beam  Scanning,  124 
Directivity  of  Planwr  Arrays,  128 
Far-Field  Amplitude  Pattern,  123 
Gain-Beamwidth  Product,  130 

Product  Theorem,  123 

Radiated  Noise,  139-140 

Random  Errors,  169-180 

Resolution  (See  Beamwidth) 
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Scanned  Arrays,  4b -52 


Beam  Broadening  and  Directivity,  51 
Beamwidths  and  Nulls,  48 
Mainbeam  and  Other  Major  Lobes,  46 
Sidelobes,  52 

Schelkunoff,  Theorems  of,  40-46 

Geometrical  Interpretations,  43-45 
Scalloping  Loss,  217-219;  227-229 
Sector  Coverage  in  Multibeam  Arrays,  52-64 
Crossover  and  Steering  Angles,  52-55 

Number  of  Beams  Required  for  Full  Sector  Coverage,  56-64 

Sel f -Noise , 131 

Shading  of  Arrays,  65-83 

Binomial  Shading,  75 
Cos ine -On -Pedcst al  Shading,  78 
Definition  and  Examples,  65 
Do  1 ph -Chebyshcv  Shading,  66 
Example  of  Do lph -Chebyshcv  Shading,  71 
Taylor  Shading,  76 

Spatial  Resolution,  1 

Steering  of  Arrays,  52-56 

Supergain,  109-111 

Towship  Radiated  Noise,  139-140 

Definition  and  Description,  139 
Hydrodynamic  Noise,  139 
Machinery  Noise,  139 
Propeller  Noise,  140 

Reduction  of  Towship  Radiated  Noise,  140 


Two-Dimensional  Arrays,  123-130 
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Unit  Circle,  40-42 

Vibration  Induced  Noise,  141-148 

Definition  and  Description,  141 
Cable  Strum,  141 

Reduction  of  Vibration  Induced  Noise,  142-143 
Towship  Vibrations  Propagated  Down  the  Cable,  141 
Typical  examples  for  a Towed  Array,  144-148 

Wavenumber,  47 

Woodward-Lawson  Synthesis,  97-100 


